Introduction
As a renewable energy source, solar cells have been of great interests due to fossil-fuel exhaustion and global warming. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The improvement of power-conversion efficiency and reduction of fabrication cost have been continuously demanded to compete with other energy generation technologies. For enhancing the power-conversion efficiency, much research has been focused on the light trapping to fully utilize the broadband light with minimum optical losses. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Especially for thin-film Si solar cells, light-trapping capability is mainly determined by the surface texturing of transparent conducting oxide (TCO) adjacent to the incident light. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] The light scattering by rough surfaces increases the opticalpath lengths, leading to high absorption in the active semiconductor layers, thereby enhancing the power-conversion efficiency. Compared to the conventional SnO 2 :F (FTO), ZnO-based TCOs have received strong attention because of large feature size from the surface texturing by wet-chemical etching, enabling more efficient light scattering. Furthermore, in practical manufacturing, ZnO-based TCOs can be sputterdeposited and post-etched through in-line systems, which is cost-effective compared to the textured FTO provided from the glass manufacturers.
For high-efficiency thin-film Si solar cells, TCO should have high transparency throughout the wide optical spectrum from visible to near-infrared (NIR) region, low sheet resistance (i.e., high electron mobility), and moreover, proper surface morphology considering both the lightscattering ability and growth of subsequent Si layers. The environmental stability, especially when exposed to harsh environments (e.g., humid and hot atmosphere), is also important for the solar cell modules requiring long term reliability. To obtain the multi-functional materials properly, process routes and nanostructures should be precisely controlled with exact understanding of the underlying mechanisms involved in the thin film growth and wet etching. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] Significantly, process conditions (e.g., deposition temperature) are limited in the practical manufacturing due to the throughput or cost concern, which severely restricts the development margin of TCO. In this regard, within the capabilities of industrial technologies, developments for maximizing the performances of TCO are required to fulfill practical demands.
This paper highlights recent progresses in ZnO as transparent electrodes for thin film Si solar cells. First, we introduce various researches on the electrical properties and carrier-transport mechanisms for sputter-deposited ZnO films. Second, a quantitative study of the degradation mechanisms in the electrical properties under damp-heat environments is reviewed. Third, as an effective route for enhancing the crystallinity and light scattering, the bilayerdeposition approach using an oxygen-controlled seed layer is presented. Fourth, an organic acid for the surface texturing of ZnO-based TCOs is introduced as an alternative to the conventional HCl. Finally, the effects of textured ZnO on the light J-V cell performances of thin-film Si solar cells are explained.
Understanding Electrical Properties of SputterDeposited ZnO TCOs
Since undoped ZnO presents high resistivity due to low carrier concentration, aluminum, gallium, boron, indium, etc. are generally introduced effective dopants. [51] [52] [53] [54] [55] [56] [57] [58] Electrical properties of TCO films are largely affected by both the dopant and nanostructures. In this regard, it is important to understand the electronic structures of doped ZnO to obtain proper physical characteristics. We have investigated the electronic properties of sputter-deposited ZnO films with various dopants, and also their correlations with the nanostructures. [59] [60] [61] [62] [63] [64] [65] The electronic structures modified by the change in the carrier concentration can be investigated through optical bandgap and x-ray photoelectron spectroscopy (XPS). Absorption spectra of the sputter-deposited ZnO and ZnO:Al films with various annealing temperatures are shown in Fig. 1(a) . [42] Optical bandgap widening by Al doping is observed from 3.20 eV for the as-grown ZnO film to 3.41 eV for the 350°C-annealed ZnO:Al film, due to the increase in the Fermi level by the conduction-band filling. The conduction-band filling by the Burstein-Moss effect can be calculated to be ~0.4 eV, with the carrier concentration from the following equation:
, where m * , E F , E CB , and n are the electron effective mass, Fermi level, conduction-band minimum, and carrier concentration, respectively. [66] [67] [68] From the XPS analyses, the core level (Zn 2p 3/2 , Zn 2p 1/2 , Copyright 2010, American Institute of Physics.
Electron. Mater. Lett. Vol. 11, No. 6 (2015) and O 1s) and valence band (Zn 3d) of the ZnO and ZnO:Al films are shown in Fig. 1(b) . Each dashed line indicates the binding energy (with respect to the Fermi energy) from the standard ZnO sample. [69] [70] [71] [72] [73] The binding energy shift of the Zn 2p core level between the as-grown ZnO and 350°C-annealed ZnO:Al film is ~0.4 eV, and related Fermi-energy shifts are also observed from the O 1s and Zn 3d levels. [59] The band diagrams of the as-grown ZnO and 350°C-annealed ZnO:Al film are schematically represented by reflecting the results of the optical bandgap widening, conduction-band filling, and Fermi-level shift (Fig. 1(c) ).
The IR-reflectance spectra are used to achieve the electrical characteristics of intragrains, which thereby helps in determining whether intragrain scattering or grainboundary scattering limits the carrier mobility, through comparison with the Hall measurements. [61, 64] At IR frequencies, the mean-free path of electrons is within the range of a few nm, which is much smaller than the typical grain size, therefore, intragrain properties (mobility and carrier concentration) can be achieved by the IR optical method. [73, 74] The reflectance spectra of the ZnO:Ga films. with various annealing temperatures are shown in Fig. 2(a) . [61] The Drude free-electron model can explain the dielectric function ε as being dependent on the two parameters: the plasma frequency ω p and the scattering time τ. [73] [74] [75] [76] The plasma frequency ω p is related to the charge carrier density n, and the scattering time τ depends on the mobility μ as shown in the following equations:
, .
The parameters obtained using the Drude model fitting are ω p and τ, from which the optical carrier density n opt and the optical mobility μ opt are estimated. Figure 2 (b) shows the tendencies of the carrier concentration, carrier mobility, resistivity, and lateral grain size as a function of crystallinity. Similar tendencies are observed by the Hall and optical methods, indicating that mobility is mainly limited by the intragrain scattering, which is due to high carrier concentration of these samples. Generally, the increase of carrier concentration causes narrowing and lowering of the potential barrier against the carrier transport at grain boundaries. [74, 77, 78] Improving the carrier mobility is an important research subject for achieving low resistivity or reducing the freecarrier optical absorption in the NIR region. Carrier mobility relies sensitively on the nanostructure which in turn depends on the methods and conditions for the deposition of the polycrystalline TCO films. The ZnO:Al films were prepared by various sputtering conditions, and the effect of the grainboundary misorientation angle on the carrier transport was investigated. [62] The degree of angular misorientation among the [001]-columnar grains was characterized by the ω (002) rocking curves. A larger misorientation creates more grainboundary defects, and one simple way describing the defects in a low-angle grain boundary is: [79] 
where θ is the angular misorientation across the boundary, b is the Burgers vector, and D is the spacing of the dislocations. Therefore, the larger FWHM of the ω (002) peak implies a larger defect density through an approximate linear relationship. Cross-sectional TEM images of two representative samples clearly show the difference of grain-boundary misorientations ( Fig. 3(a) ).
The grain-boundary energy barrier against carrier transport can be estimated by using the Seto's grain-boundary scattering model: [80] , resistivity, and lateral grain size as a function of crystallinity ∆k (determined by θ -2θ diffraction). Reprinted with permission from B. Park. , where μ eff , m e , k, T, e, L, and E b are the effective carrier mobility, effective mass of an electron, Boltzmann constant, temperature, the charge of an electron, lateral grain size, and the energy barrier to the carrier transport through grain boundary, respectively. Figure 3 (b) exhibits a clear linear dependence between E b and FWHM of the rocking curve. From the linear relationship and the fact that the dislocation density (1/D) is proportional to the misorientation angle θ in a low-angle grain boundary (θ < 10°), [79] it can be deduced that the carrier-transport resistivity arises from the collisions of electrons with the line defects existing along the grain boundaries.
Damp-Heat Degradation of Electrical Properties in ZnO TCOs
A complete understanding of the reliability of TCOs is essential for actual applications requiring long-term stability. We quantitatively studied the stability and degradation mechanisms of electrical properties under a controlled damp-heat (DH) environment (85°C and 85% humidity). [64] Figure 4(a) shows the changes in electrical properties as a function of DH-exposure time. The continuous degradation of the resistivity is clearly observed, and the degradation is also related to the decrease of both carrier mobility and carrier concentration.
To correlate the electrical-property degradation and the nanostructural changes, the XPS O 1s peaks were analyzed Copyright 2013, Elsevier.
as shown in Fig. 4 [81] [82] [83] The buildup of trap states induced by the chemisorbed hydroxyl group, usually existing in the grain boundaries, induces charge-carrier trapping that causes the electrical-property degradation. [84] [85] [86] To support that the degradation centers are located at the grain boundaries, the electrical characteristics of intragrains and intergrains were separately analyzed, by comparing the Hall and optical measurements. At various DH-exposure times, the changes in the grain-boundary resistivity ρ GB , Hall resistivity ρ Hall , and intragrain resistivity ρ intra were estimated, as shown in Fig. 4(c) . The ρ Hall of polycrystalline thin films can be expressed with two serial components of ρ intra and ρ GB (see the inset in Fig. 4(c) ): [87, 88] , where L intra is the width of the neutral region in the grain, and L GB is the width of grain boundary including adjacent depleted regions between the grains. Consequently, the strong dependence of the grain-boundary resistivity on the DH exposure time is clearly observed, confirming that the degradations arise from the grain boundaries.
The carrier-transport properties were also examined by evaluating the temperature dependence on the electrical characteristics ( Fig. 4(d) ). The thermionic-field emission of electrons through grain boundaries can be described by the Schottky-barrier model with an effective energy barrier E b,eff . [80, 89] From the plots of μ Hall √T vs.
, all the samples show exponential dependence. The E b,eff increased from 6.8 ± 0.1 meV to 7.6 ± 0.2 meV, with increasing DH exposure. The increase of the potential-energy barrier can be well explained by the chemisorbed hydroxyl groups existing along the grain boundaries. The increase of the trap-state density and the accumulated positive carriers towards the depleted regions lead to a higher energy barrier.
[85] The energy-level scheme is shown in Fig. 4(e) , which illustrates the changes in the E b,eff caused by the DH exposure.
Bilayer-Deposition Approach for Enhancing the Crystallinity and Light Trapping
When TCO is applied to the front for solar cells, which is so-called as "superstrate" configuration, Si layers are deposited onto a transparent substrate covered by the TCO, then strong scattering of incoming light into the silicon absorber has to be fulfilled by the TCO (Fig. 5(a) ).
[24] The light-scattering ability of TCO is determined by the feature size and shape of the TCO surface, and large feature size that can scatter long wavelengths becomes important, especially when microcrystalline silicon (μc-Si:H) absorber layers are used. Figure 5 (b) shows two typical TCO structures, CVDgrown SnO 2 :F (Asahi type U) and sputtered/textured ZnO:Al. The average feature size of ZnO is significantly larger than SnO 2 , thereby generating the superior lightscattering ability of ZnO. The influence of TCO-surface roughness is demonstrated for the performances of μc-Si cells, as shown in Fig. 5(c) . The quantum efficiency (QE) and (1 − R) curves (R = total reflectance in the solar cell) were compared with/without the ZnO-surface texturing. The difference between (1 − R) and QE curves is a measure for the optical-absorption losses in ZnO, back reflector and photovoltaically non-active Si layers (doped p and n), supposing that all the photoexcited charge carriers in the undoped μc-Si layer are collected. The solar cell with rough ZnO is superior to the smooth cell. The main gain in the generated short circuit current density (J sc ) comes from the red/IR region due to the induced light trapping. Additionally, QE increases due to an antireflection effect by the refractive index grading at the TCO/Si interface. The etching behavior for the surface texturing of ZnO is very sensitive to the crystallinity of the as-deposited film. [90] In a practical manufacturing using in-line sputtering system with the substrate size over 1 m 2 , the deposition is limited below 350°С, which severely restricts the crystallinity of the deposited ZnO:Al films. As an approach to overcome this issue, we tried the bilayer scheme using two-step growth with controlling oxygen pressure.
[91] The pre-deposition of ZnO:Al seed layer with extra oxygen resulted in improved crystallinity of the overgrown ZnO:Al bulk layer, and thereby appropriately-etched morphology for effective light scattering was achieved. This simple route has two advantages: (i) the control of microstructures is allowed within the capabilities of the current technology (i.e., substratetemperature window), therefore industrially compatible, and (ii) the bilayer approach does not use any other heterolayer (not using an additional sputter target), thus minimizing the process cost and manufacturing steps. [92] [93] [94] In order to systematically examine the growth mode of ZnO:Al with various seed-layer conditions, the seed layers were prepared at different Ar/O 2 pressure ratios with a thickness of ~80 nm. As shown in the TEM images of hillock formation. The columnar structure is finally observed, and the grains of the seed layer with the hillocks are shown to act as nucleation sites for the bulk layer. However, the seed layer under high O 2 pressure (Ar/O 2 = 4/1) shows grains with a nonuniform distribution, and the surface looks flat. The sample with high O 2 pressure exhibits larger lateral growth with lots of dislocations. The AFM images of the etched ZnO:Al films are shown in Fig. 6(b) , where an abrupt morphology change appears at the high O 2 -pressure condition for the seed-layer growth. Either in the absence of seed layer or with a low O 2 pressure, the surface is uniformly covered by the craters with a lateral size of ~1 μm. While the sample at high O 2 pressure (Ar/O 2 = 9/ 1) shows a nonuniform surface morphology, mixed by shallow and large craters. The etched morphology is related to the nanostructures and crystallinity of the as-deposited TCO films. The abrupt change of the etching mode at high O 2 pressure is due to the nonuniform grain structures where chemical etching occurs mainly along the high-energy grain boundaries. [90, 95] Figure 6(c) shows the total transmittance and haze (the Copyright 2010, The Japan Society of Applied Physics. ratio of diffuse to total transmittance) of the etched ZnO:Al films. The sheet resistances of all of the bilayer-deposited films were adjusted to 5.2 ± 0.2 Ω/□ through the change of the etching time. The total transmittance increases with increasing oxygen pressure, which is explained by the thickness change due to the mobility enhancement. The haze values also increase with the increased oxygen pressure, and especially the sample of Ar/O 2 = 9/1 shows a very high haze value of 88% at 500 nm, which is explained by the large feature size of the craters. [96] The changes in the nanostructure and electrical properties were further systematically investigated with various seedlayer conditions, and the optimized ZnO:Al substrates were adopted to the μc-Si:H solar cells. [65] For comparison, the commercial SnO 2 :F-coated glass was also used as a front TCO contact. The external quantum efficiency (EQE) of the solar cell grown on the ZnO:Al was larger than that of the SnO 2 :F, especially in the wavelength range over 600 nm, leading to higher J sc (Fig. 7) . Additionally, the solar cell on the ZnO:Al had larger open circuit voltage (V oc ) and fill factor (FF) than those on the SnO 2 :F, which can be explained by the reduced shunt paths produced from the crack-like defects.
Organic-Acid Texturing of ZnO TCOs for Broadband Light Trapping
The surface morphology of TCOs by wet etching largely depends on the nanostructures. However, the nanostructural control of TCO is pretty limited due to the consideration of electrical conductivity, transparency and high throughput. Therefore, the tunability of surface texturing by etching process for the given TCO nanostructures offers a great merit, widening the strategy of the TCO development for superior light-scattering performance. We investigated an organic acid for the surface texturing as an alternative to the conventional HCl, and the enhancement of light scattering by oxalic acid (H 2 C 2 O 4 ) was demonstrated without any deterioration of transparency or sheet resistance. [97] The surface morphology of the ZnO:Al films textured by oxalic acid and conventional HCl etching are shown in Figs.  8(a-b) . Relatively large and smoothly-textured craters are clearly observed from oxalic acid. Smooth craters (i.e., low steepness) intuitively suggest that oxalic acid has larger lateral etching rates compared to the vertical etching for the crater formation. The haze characteristics for the films textured by oxalic acid and HCl were investigated at different etching times. Figure 8 (c) shows haze (at λ = 1000 nm) vs. sheet resistance for the two systems. The clear trend showing superior light-scattering performance by oxalic acid is confirmed, and the absolute haze increase of 8% is observed at the same sheet resistance. Through AFM, the craters were statistically characterized by vertical roughness and lateral correlation length (lateral roughness). [98, 99] Larger lateral correlation length at similar RMS values was observed for oxalic acid, confirming the higher lateral-to vertical-etching ratio compared to HCl. Based on the surface parameters extracted from AFM, the Copyright 2015, Elsevier.
light-scattering behavior was analyzed with a light-scattering model. Modified scalar scattering theory by coupling between photons and rough interfaces was used to characterize the light-scattering performance as a function of vertical roughness (σ rms ) and lateral correlation length (a corr ): [98] , where λ and n are, respectively, the wavelength of light and the index of refraction of TCO, and the experimental results of n(λ) by Washington et al. [100] were used. Haze contour of the above equation is shown in Fig. 8(d) , as a function of two surface parameters, σ rms and a corr , at the wavelength of 1000 nm. The surface parameters obtained from AFM were marked in the same plot in order to compare the effects of two etching systems on the light-scattering behavior, and the superior haze by oxalic acid can be explained by the cratersize effect (i.e., increase of the lateral correlation length).
Based on the surface-parameter analyses, a phenomenological model was suggested to explain the distinctive crater evolution mechanisms in oxalic acid (Fig. 8(e) ). Regarding the crater-formation mechanisms, it is generally believed that the grain boundaries having the highest etching potential (high interfacial energy) are etched first, then diffusion of etching reactants and products is allowed through the vertical opening, followed by lateral etching into grains. [101] [102] [103] Repetitive processes lead to the evolution of crater morphology with continuous Zn 2+ dissolution, and and FF as a function of crack density estimated from TEM. Reprinted with permission. 
. Limited mass transport of oxalic acid can lead to the slowing down of vertical etching through the grain boundaries, which eventually leads to larger crater formation at the given etching depth.
Relation between Textured ZnO and Solar Cell Performances
The substrate morphology strongly influences the growth and electrical cell performances. The large texture size of TCO results in high haze values. However, the large texture size can also decrease the electrical cell properties, because crystal growth on the steep texture gives rise to defective regions, like grain boundaries or voids, due to the collision of growth directions. [104] [105] [106] [107] M. Python et al. [107] analyzed a series of cells deposited on the LPCVD ZnO substrates treated with various plasma-treatment times, transforming the surface morphology from V shape (initial) to U shape (long treatment time). TEM observations indicated that the cells deposited on the U-shape substrate had less cracks than on the V-shape substrate, as shown in Fig. 9(a) . The estimation of the number of cracks was performed by using the TEM images, and a good correlation (Fig. 9(b) ) was established between the crack density and solar cell performances (V oc and FF).
For maximizing solar cell efficiency, it is therefore essential to optimize the surface morphology of TCO by considering both the light-trapping ability and growth conditions of Si absorber layers. In this regard, we tried additional TCO coating after texturing ZnO:Al films so as to improve the surface morphology (i.e., steepness) for the subsequent Si growth, while maintaining the lateral texture size formed in etching process, which was effective for enhancing the electrical cell properties. [108] Furthermore, the additionally coated cells were investigated using a variable illumination measurement (VIM) technique to quantitatively characterize the quality of the grown Si layers.
Additional coating layers after texturing were deposited with the thicknesses of 100 and 150 nm, by sputtering using To systematically analyze the change of the i-layer quality in the p-i-n-type solar cells, the VIM technique was used, and the equivalent circuit model utilized with the VIM measurements are represented in Fig. 10(a) . [109, 110] By this technique, short-circuit resistance (R sc ) can split into the contribution of the recombination current (photo shunt) and the contribution of the leakage current (dark shunt or physical shunt), and the contribution of the recombination current can be estimated from the tendency of the total R sc acquired from the change of the illumination intensity. Figure 10 (b) shows the J-V curves of the μc-Si:H cell (150-nm coated) with different illumination intensities. From the slope of the J-V curve at 0 V, the R sc values were plotted as a function of the reciprocal of J sc (Fig. 10(c) ). The slope of the R sc vs. J sc −1 curve can be considered as a collection voltage (V coll ), and (μτ) eff can be estimated from the V coll by the formula:
, where (μτ) eff , V bi , and d i are the effective carrier mobility × lifetime, built-in potential, and i-layer thickness, respectively. The V coll and (μτ) eff values indicate the carrier collection ability or the quality of the i-layer. From the fitting of the R sc vs. J sc −1 curves, the estimated (μτ) eff sequentially increased to 5.6 × 10 −7 cm The FF change by the recombination current can be also anticipated with the V coll from the VIM technique. [109] Assuming that the maximum power point is approximately at the same voltage (V mpp ), the change of FF results from the current change at the maximum power point. If the current change mainly results from the recombination current, the change of FF can be calculated as follows:
where FF 0 is the ideal FF, and FF reduced is the reduced value due to the recombination current. Figure 10(d) shows the measured FF vs. calculated ∆FF for the solar cells. The FF curve expected from ∆FF is qualitatively well correlated with the measured FF, which means that the change of FF is also mainly due to the change in the i-layer quality.
Conclusions
In this review paper, we have introduced the recent progresses in ZnO TCOs toward high efficiency thin-film Si solar cells. The electrical properties of TCO films, degradation mechanisms under damp-heat (DH) exposure, novel routes such as bilayer deposition and organic-acid texturing, and the effects of texturing on the solar cell performances have been discussed in turn, which can be briefly summarized as follows: (1) The systemic analyses of electronic structures, electrical transport characteristics, and their association with the nanostructure were introduced; (2) Comprehensive studies of the degradation behavior under DH exposure were reviewed, which is essential for the development of highly reliable devices; (3) From the novel fabrication route of twostep deposition utilizing a facile oxygen-controlled seed layer, significant enhancements of crystallinity and haze were observed, which can widen the development margin of TCOs within the industrial technology capability; (4) Oxalicacid etching produced the desired surface morphology with distinctive crater-evolution behavior, which resulted in superior light-scattering performances outperforming the conventional HCl etching; (5) The light J-V cell performances were enhanced by the additional ZnO coating on the textured ZnO, due to the improved surface morphology for the defect-free Si absorber layers, and the related mechanisms were quantitatively analyzed through various illumination intensity measurements.
